The sensing of individual molecules as they pass through nanopores under an external field is a popular research field. The approach is simply based on the detectable temporary blockades in the ionic current as the molecules pass through the nanopores. These signatures of the current have been shown to be a function of nanoparticle and nanopore size and geometry as well as the external electric field. However, models developed in this context fail to predict the experimentally observed behavior in technologically important shorter nanopores. Here we present atomistic molecular dynamics simulation results from colloidal nanoparticle translocation through mid-to-low aspect ratio charged nanopores under an external field. We show that not only the pore length but also the ion concentration of the media and the nanoparticle charge have important effects on the ionic current.
Introduction
A detailed understanding of molecule translocation through pores or channels can provide critical improvements in fields including DNA sequencing, 1 sensing, 2 proteomics, 3 gene therapy, 4 and controlled drug delivery, 5 where efficient separation and identification of molecules is required. Indeed, pore-based separation, identification, and detection of particles is primarily derived from the working principle of Coulter counter, a device first introduced by R. H. Coulter to count the biological cells as they pass through micron-scale holes. 6 In brief, as the molecule passes through the pore under an external electric field, the ionic current decreases drastically ( Figure 1 ) and hence, the pore is considered to be blocked temporarily due to the displacement of the salt solution by the molecule and hence resistance change in the pore. Once the molecule exits the pore, the current is restored to its initial open pore current value, which scales with the ion mobility, pore geometry, and applied voltage by:
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where n and µ are the ion density and the mobility, respectively, D is the diameter of the nanopore, L is the length of the nanopore, and V is the applied voltage. The pulse, i.e. the current change, caused by lower effective volume during the particle passage through the pore, is proportional to the volume of the sensed molecule and provides information on the particle size. The time interval between the current blockades and the time length of the blockade are the other parameters that provide the information on the particle concentration and dynamics, respectively.
Making use of the Coulter counter principle, several groups have studied the translocation of colloidal.
8−9
or biological objects such as polymers, 10 and investigated the effects of particle size, concentration dynamics, charge density, external voltage, 8 as well as pore/channel size, geometry, and surface charge density. However, experimental results may sometimes be contradictory and not sufficient alone to provide the required resolution for a mechanistic understanding. For example, the magnitude of ionic current blockades has been unexpectedly shown to decrease in low aspect ratio pores with no clear understanding being provided. 9 Molecular dynamics simulations, in this context, can support the experiments by providing the information at molecular resolution. To date, molecular simulations have been employed in several studies to understand the transport properties through nanopores. 19−23 However, studies of atomic-scale simulations of colloidal nanoparticles through nanopores under an external field have been limited due to limited time and length scales attainable by these simulations.
Here we investigate in mid-to-low aspect ratio nanopores the effect of pore length and ionic strength on ion distributions and hence ionic current blockades by atomistic molecular dynamics (MD) simulations. We show that as the length of nanopore decreases the difference in the open and blocked states of current signatures becomes less evident. We also demonstrate that ionic strength of the media can considerably change the current response upon pore blockages.
Results and discussion

Effects of pore length and ion concentration
To investigate the effect of pore length on ionic current, nanopores with different aspect ratio (length/diameter) in the range of 0.05-0.5 have been studied. Pore length (L), pore diameter (D), and nanoparticle diameter (D C60 ) are selected such that their ratios are in the experimentally investigated range. 9 To minimize the effects of carbon nanotube (CNT) on the exclusion of ions. 24 where the system contains: (a) no nanoparticle (C60), (b) C60 placed at the pore mouth, and (c) C60 placed at the center of the nanopore ( Figure 2 ). Under experimental conditions the translocation of a nanoparticle through a nanopore has been shown to last for several hundreds of microseconds. 9 Therefore, in the simulations, the nanoparticle is held fixed at its position considering the short simulation times accessible to atomistic MD. (Figures 3a and 3b) . However, the charge density of water near membrane walls is much higher in shorter pores (aspect ratio ≤ 0.1) than longer pores, which is attributed to different hydration behavior of single and multigraphene layers. 27−28 As the nanopore length increases, the separation distance between the graphene walls increases and the wall behaves like a single graphene layer.
Inside the nanopore, the ion density increases as the length of the nanopore increases (Figure 3c ), which may be because of the ionic crowding, as longer nanopores have been shown to have higher pore resistance and lower pore conductance values. 29 When the nanoparticle is fixed at the center of the nanopore, an increase in ion density and a decrease in water density ( Figure 3d ) is observed at the center of the nanopore because of the attraction of charges to the negative C60 and the displacement of water molecules by C60, respectively.
Similarly, Cl − distributions decrease and K + distributions increase when C60 is placed at the center of the nanopore compared to the systems with no C60 (Figures 3e and 3f ). Overall, cation distributions have the same trend with total ion distributions, i.e. as length increases ion density increases. However, for Cl − , a plateau is observed in the density distributions for 0.1 and 0.2 aspect ratio nanopores followed by an increase for 0.05 aspect ratio nanopore, which indicates negligible wall effects in the lower aspect nanopores.
At high (1.1 M) salt concentration, different from the trend observed with low KCl concentration, at all studied nanopore lengths, ion density distributions inside the nanopore when C60 is at the center become less than those of nanopores without C60 (Figure 4a ). A reduction in ion density may in general represent a drop (negative peak) in the ionic current, while an increase may indicate an enhancement (positive peak) in the current. Experimentally, such a dependence of current blockades on ion concentration has been reported by several groups. 30−32 Inside the nanopore, even though a nanoparticle causes the displacement of ions, at low ion concentrations highly charged nanoparticles surrounded by counterions may increase the transport of ions due to the low screening effects. On the other hand, water and Cl − density profiles follow the same trend as with low ion concentrations, i.e. water densities decrease and Cl − densities increase with increasing pore length İLERİ ERCAN/Turk J Chem ( Figures 4b and 4c ). However, due to the high ion concentrations and hence displacement of water molecules by the ions, slightly lower water densities and higher Cl − and K + densities are obtained inside the pore compared to the low ion concentration profiles. Furthermore, K + densities inside the nanopore increase with increasing pore length (Figure 4d ), but similar density distributions are observed for the same length pore configurations irrespective of nanoparticle existence or location. At high ionic concentration, a saturation point for counterions can be easily reached diminishing the effect of K + on the overall ion density distributions. No major difference is detected in the density profiles of configurations with no C60 and with C60 at the pore mouth by both ion concentrations. − (e), and K + (f) along pore length (z direction) using 0.11 M KCl concentration under 100 mV/nm electric field. (c) and (d) are enlarged images of (a) and (b), respectively. Both nanopore and nanoparticle are negatively charged. CLx, CLxc, and CLxe stand for cylindrical pores with no nanoparticle in the system, cylindrical pores with nanoparticle centered inside the nanopore, and cylindrical pores with nanoparticle placed at the pore mouth, respectively, where x: 02, 04, 08, 2 represent the studied pore length (i.e. 0.2 nm, 0.4 nm, 0.8 nm, 2 nm, respectively). In general, K + and hence total ion densities increase whereas water and Cl − densities decrease when nanoparticle is placed at the center of the nanopore compared to the systems with no nanoparticle. Figure 5 shows ion and water radial distribution functions (RDFs) with respect to the center of mass (COM) of the nanopore around axes parallel to z-axis (i.e. only in x-y plane). At low KCl concentration, ion ordering near pore walls becomes important in pores with an aspect ratio of 0.5 (Figure 5a ), whereas at high KCl concentration, nearly uniform distributions of ions are obtained inside the nanopores, yet still with higher RDF values for 0.5 aspect ratio pores (Figure 5b ). Water ordering around nanopore walls, however, increases with increasing pore length, but does not show apparent variation with ion concentration except for 2% increase in the peak values (Figures 5c and 5d) . Placement of the nanoparticle into the simulation box has no major effect on the ordering of ions except for the appearance of a shallow valley at the pore center due the excluded volume, but a slight increase in the ordering of water molecules (appearance of the 1 st peak from the pore center in addition to a more distinct valley at the pore center in the RDF plots) is observed resulting from the hydration of C60. No clear difference is seen in 2D-RDFs of solvent with respect to pore center when C60 is placed at the pore mouth and the pore center (Figures 5c and 5d insets) , which is attributed to the close placement of C60 to the pore mouth. Ion ordering around C60, on the other hand, increases and the peak values shift to right slightly with increasing pore length when C60 is fixed at the center of the pore at low KCl concentration (Figure 6a ). At the lowest investigated aspect ratio (0.05), the ordering approaches to that of a C60 in bulk salt solution at 0.11 M indicating negligible wall/confinement effects. When C60 is placed at the pore mouth, RDF values become less with more even distributions than that of C60 in bulk solution due to the attraction by the membrane walls. At higher salt concentrations, however, the RDF values are all larger than the RDF of C60 in bulk at 1.1 M KCl solution (Figure 6b ). Ion ordering around C60 is less affected by the membrane walls, since at high ionic strength the ions are more closely and hence strongly attracted to C60 surface. The RDF values increase with increasing pore length and greater ordering is observed when C60 is placed at the center of the nanopore due to the confinement effect.
Assuming high KCl concentrations yield in negative peaks in the ionic current, we have calculated the change in the ionic current as well as the change in the total number of ions inside the nanopore when there is no C60 and when C60 is fixed at the pore center (Table) . In agreement with the experimental findings, a decrease in the ionic current change is observed with decreasing aspect ratio pores except for the nanopore with an aspect ratio of 0.05, where the current blockade behavior is reversed and a positive peak is obtained. . C60-ion radial distribution functions with respect to radial distance using 0.11 M (a) and 1.1 M (b) KCl concentrations. Both nanopore and nanoparticle are negatively charged. CLx, CLxc, and CLxe stand for cylindrical pores with no nanoparticle in the system, cylindrical pores with nanoparticle centered inside the nanopore, and cylindrical pores with nanoparticle placed at the pore mouth, respectively, where x: 02, 04, 08, 2 represent the studied pore length (i.e. 0.2 nm, 0.4 nm, 0.8 nm, 2 nm, respectively). No mem stands for simulations of C60 in KCl solution excluding the presence of a membrane. Ion ordering around C60 increases with increasing pore length and when C60 is placed at the center of nanopore.
Conversely, the change in the average total number of ions inside the nanopore per pore length increases in general with decreasing pore length, yet this change is rather small in 0.05-0.2 aspect ratio nanopores. That is, the displacement of ions increases with decreasing pore length up to a length beyond which ion displacement does not show any major variation. Moreover, a reduction in the pore length also reduces the wall and confinement effects of the pore which may reduce the residence times of the ions inside the pore and hence increase their velocity. Indeed, the density distribution profiles, and the radial distribution profiles of ions around C60 and pore walls given above points to the similar or reducing confinement and structuring of ions in ≤0.2 aspect ratio pores. Consequently, the combined effect of reaching a saturation point for ion displacement together with similar or diminishing wall/confinement effects lead to the increased ion velocities and hence amplified current values (shallow peak minima) in the blocked state, which in general results in a decline in % current changes upon blockades with decreasing pore length.
Table.
The change in ionic current and average total number of ions inside the nanopore when C60 is placed at the center of a nanopore. KCl concentration and electric field are 1.1 M and 100 mV, respectively. Both the nanopore and the nanoparticle are negatively charged.
Time-averaged ionic
Average total number of ions inside current e/ps the nanopore/pore length 
Effect of nanoparticle charge
A positively charged ( +)-C60 at low KCl concentration results in the ion density profiles similar to those of negatively charged (-)-C60 at high KCl concentration, that is the ion density inside the nanopore decreases when C60 is fixed at the center compared to the no C60 configurations (Figure 7a ). In this density difference K + plays a dominant role, as ( +) -C60 attracts Cl − and repels K + . The pore length dependent behavior of ion density distribution is the same as in the previous cases, where the ion density increases with increasing pore length. In addition, the water density profiles along the pore length are also similar to those of (-)-C60 at 0.11 M KCl concentration (Figure 7b ). Figure 7c demonstrates the RDFs of ions around ( +) -C60 in the presence of 0.05 and 0.5 aspect ratio nanopores compared with (-)-C60 profiles. Although similar RDF profiles are obtained for positively and negatively charged nanoparticles when the C60 is placed at the pore mouth, less structuring of ions and a greater spacing of ions from the C60 surface are observed with ( +)-C60 when the nanoparticle is centered inside the pore, which is attributed to the charge penalty induced by oppositely charged nanopore and nanoparticle counterions.
Conclusion
In this study, we have shown that the ion current signatures are highly dependent on the aspect ratio of the nanopore, the ionic strength of the media, and the charge of the translocating nanoparticle. At low KCl concentration, higher ion density values are obtained when C60 is at the center of the nanopore indicative of positive peaks upon current blockades, whereas a reverse behavior is attained at high KCl concentration or when C60 is oppositely charged. The structuring of ions around the nanopore and the nanoparticle becomes significant with decreasing ionic concentration and when both the pore and the nanoparticle bear the same charge sign. In agreement with the experimental findings, a decrease in the change of ionic current between open and blocked states are observed with decreasing aspect ratio of the nanopore which is attributed to a very small change of ion displacement values above a threshold length together with an increase in ion velocities upon reduced confinement effects. The findings of this research provide an insight on the design of pore-based sensors for enhanced performances.
Experimental
Nanoporous membrane is composed of a (30, 30) type SWCNT embedded in between two graphite sheets having a 4 nm hole at the center. The diameter of the nanopore is 4 nm and the length ranges between 0.2 and 2 nm. The membrane is held fixed at the center of an 8 nm × 8 nm × 8 nm periodic simulation box where it divides the box into two equal compartments. To mimic the experimental conditions the surface charge density of the membrane is set to approximately -0.4 e/nm 2 . 33 Water and ions are explicitly introduced to the simulation box. The concentration of salt is set to 0.11 M or 1.1 M KCl representing low and high concentrations of salt solutions, respectively. The nanoparticle, having a topological diameter of 0.7 nm, is modeled by C60.
The surface charge density of the nanoparticle is set to ± 0.5 e/nm 2 being in the range of the experimentally reported values. 34 Counterions are presented to the simulation box to make the overall system charge neutral.
